Summary: We measured, in vivo, the local concentration of nitric oxide (NO) in cerebral tissue, during and after transient middle cerebral artery occlusion in the rat (n = 8). Baseline concentration of NO was <10-8 M; upon initiation of ischemia, NO concentration increased to -10-6 M and then declined. Reperfusion likewise stim ulated an increase in NO concentration to above baseline Nitric oxide (NO) plays a multifaceted and im portant role in the brain. It is a neurotransmitter (Bredt et aI., 1991) and a free radical (Beckman, 1990 (Beckman, , 1991, and it has been implicated in the regu lation of cerebral blood flow (Faraci, 1991; Faraci and Heistad, 1992; Kozniewski et aI. , 1992; Iade cola, 1992) and inflammation (Granger et aI., 1990). NO is also an important factor in pathophysiologi cal events in brain. Recent studies have implicated alterations in cerebral NO levels with ischemic cell damage, particularly with glutamate neurotoxicity after cerebral ischemia (Garthwaite, 1991; Dawson et aI., 1991; Snyder and Bredt, 1992; Nowicki et aI. , 1991). Although NO is a subject of great interest in brain research, to our knowledge, direct in vivo measurements of NO in brain after ischemia have not been performed. NO is a reactive molecule, and 
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it is therefore difficult to measure in vivo using stan dard chemical techniques. Here we report the first direct measurement of NO in rat brain during and after cerebral ischemia, using a NO sensitive por phyrinic microsensor .
MATERIALS AND METHODS
Eight male Wistar rats (weighing 260--300 g) were anes thetized with 3.5% halothane for induction and 1% halo thane for maintenance, in a 3:1 N20/02 mixture. Four of the animals were administered a nitric oxide synthase in hibitor, L-NAME (N-nitro-L-arginine methyl ester; 30 mg! kg, i. v.), 15 min before induction of middle cerebral ar tery (MCA) occlusion. The femoral artery was cannulated to monitor arterial blood pressure and for sampling of blood gases. The rectal temperature was maintained at 37.0 ± i.O°C. MCA occlusion was induced for 2 h using a method of intraluminal vascular occlusion (Nagasawa and Kogure, 1989; Zea Longa et aI., 1989; Chen et aI., 1992a) . Briefly, the right common carotid artery, external carotid artery, and internal carotid artery were isolated via a ven tral midline incision. The distal end of the external carotid artery was ligated with 5-0 silk suture at the branch of the occipital artery, and the origin of the external carotid ar tery was loosely tied with 5-0 silk suture. A microvascular clip was placed across the common carotid artery and internal carotid artery. A 5-cm length of 4-0 nylon mono filament, with its tip rounded by heating near a flame, was introduced into the external carotid artery lumen through a puncture between the two silk sutures at the external carotid artery. The silk suture around the origin of the external carotid artery was tightened around the intralu minal nylon suture to prevent bleeding, and the two clips on the common carotid artery and internal carotid artery were removed. Approximately 18.0-19.0 mm of the nylon suture, the length determined by body weight, was ad vanced into the internal carotid artery to block the origin of the MCA and to enter the anterior cerebral artery. The skin incision was closed. Restoration of MCA blood flow was accomplished by withdrawing the intraluminal suture until the tip cleared the anterior cerebral artery-internal carotid artery lumen and was in the stump of the external carotid artery.
Two days after induction of ischemia, the animals were anesthetized with ketamine (44 mg/kg) and xylazine (13 mg/kg), and were transcardially perfused with heparin ized saline and 10% neutral buffered formalin. The head was immersed in formalin solution for 1 h, after which the brain was removed. A standard coronal section centered in the ischemic lesion corresponding to the coronal level, interaural 8.2 mm and bregma 0.8 mm (Paxinos and Wat son, 1986) , was selected from each animal and stained with hematoxylin and eosin for evaluation of ischemic cell damage.
Nitric oxide sensor fabrication
Nickel (II) tetrakis(3-methoxy-4-hydroxyphenyl)por phyrin [Ni (II) TMHPP] was synthesized according to a procedure described previously (Malinski et aI., 1991) . Supporting electrolytes for electrochemical measure ments were provided by 0.05 M phosphate buffer (pH = 7.4). NO standard solutions were prepared by saturating a 25-ml degassed-silicon rubber-sealed phosphate buffer with NO gas. Sodium hydroxide (0.1 M) was used on-line to trap other oxides.
The NO sensor was prepared according to the proce dure previously described . Polymeric film of Ni (II) TMHPP was deposited on a single carbon fiber electrode (1-0.5 f.l.m diameter) or on an array of 4-6 carbon fibers, encapsulated in poly oxyphenylene (Potje-Kamloth et aI., 1989) , by cyclic scanning of potential between 0.2 to 1.0 V versus a satu rated calomel electrode, with a scan rate of 100 mY/so The sensor surface was coated with a Nation film (5% w/w in alcohol) for 15-20 S. Differential pulse voltammetry or amperometry was used to monitor an analytical signal (voltammetric analyzer IBM EC 270).
In differential pulse voltammetry, a potential modu lated with 40-mV rectangular pulses was linearly scanned from 0.4-0.8 V. The resulting voltammogram (alternating current-voltage plot) contains a peak due to NO oxida tion. Maximum current of the peak was observed at a potential of 0.65 V versus the silver/silver chloride elec trode. This is a characteristic potential for NO oxidation on Ni TMHPP/Nafion electrodes. Differential pulse vol tammetry was used primarily to verify that current mea sured is due to NO oxidation. In amperometric measure ments, a potential modulated with 40 mV pulses was kept at a constant level of 0.65 V, and a plot of alternating current versus time was recorded. The amperometric method (with a response time better than 10 ms) provides rapid quantitative response to minute changes of NO con centration. Differential pulse voltammetry, which also provides quantitative information but requires appro xi-
mately 40 s for the voltammogram to be recorded, was used mainly for qualitative analysis. Differential pulse voltammograms were always recorded in the three electrode system in order to obtain accurate and repro ducible values of peak potentials.
Either a two-or three-electrode system was used for the measurement of NO release in the brain. The three electrode system consisted of a NO sensor working elec trode, a platinum wire (0.25 mm) counterelectrode and a silver/silver chloride reference electrode. The silveri silver chloride was omitted from the two-electrode sys tem. The working electrode was stereotaxically im planted perpendicularly into the ipsilateral parietal cortex at coordinates 0.8 mm posterior and 4.5 mm lateral to the bregma and 3 mm below the dura. The counter-and/or reference electrodes were placed on the brain surface 1.0 mm posterior and 3.5 mm lateral to the bregma, respec tively. NO was continuously measured for 4 h (1 h of preischemia, 2 h of ischemia, and 1 h of postischemia) using amperometry. NO concentration was determined from the measured current by means of a calibration curve.
RESULTS
All mean arterial blood pressure and serum arte rial values of pH, POz, Peoz were within normal ranges. Mean arterial blood pressure increased by approximately 20 mm Hg after administration of L-NAME, and remained elevated throughout the duration of the experiment. The four rats without L-NAME exhibited a well-demarcated cerebral in farct within the territory of the ipsilateral MCA. The region of infarct was identical to that reported previously (Chen et aI. , 1992a) . Three of the four rats administered L-NAME exhibited a lesion pri marily localized to the striatum, and the lesion in the fourth rat was identical to that in animals not administered L-NAME. Figure 1 presents a typical current-time (amper ometric) curve obtained for the in situ measurement of NO before, during, and after MCA occlusion (rat 3). A stable background was monitored after im plantation of the electrode in the brain, for -50 min before occlusion. The differential pulse voltammo gram recorded at that time shows a small peak at 0.65 V, which may be attributed to basal NO con centration. However, a ratio of this peak current to the background current is lower than 3: 1, which indicates that the preis chemic or basal NO concen tration is below the sensor's detection limit « 10 -8 M). An increase of NO was observed at 2-3 min after occlusion, and a steady increase in NO con centration to a semiplateau of 2.2 �M was observed after 6 min. After 1 h, NO concentration decreased below the detectable level. The time required for NO concentration to decay to half its maximum level is 30 min. Table 1 summarizes the experimen tal data obtained during ischemia. During the 1 h of reperfusion, NO concentration in all animals pro gressively and slowly increased to micro molar lev els. A similar pattern of NO release after occlusion and reperfusion was observed in each of the cases listed in Table 1 . None of the animals administered L-NAME exhibited an increase of NO above base line levels (:;;; 10 nM). The concentrations of NO listed in Table 1 rep resent a local, and not an average, concentration of NO. The concentration of NO likely depends upon placement of the sensor and the local microenviron ment. We cannot exclude the possibility that local tissue damage during placement of the electrode af fects basal NO levels and the response to ischemia.
DISCUSSION
The present study provides the first direct mea surements of NO in brain and of alterations of NO during the course of transient (2 h) focal cerebral ischemia and reperfusion (1 h). The profile of NO concentration during and after cerebral ischemia is characterized by an acute and rapid increase in NO at the onset of ischemia followed by a decline of NO to control levels during the course of ischemia and an increase in NO above basal levels during reper fusion. The appearance of the NO signal of 0.65 V in the differential pulse voitammogram, as well as the absence of detectable signal in the sensor after administration of an inhibitor of NO synthase, at tests to the specificity of the sensor for NO. The mechanism responsible for the acute transient in crease in NO upon onset of ischemia is unknown. The decrease in NO found during ischemia is con sistent with the requirement of oxygen for the for mation of NO and L-citrulline from L-arginine (Matheis et aI. , 1991) . Thus, the reduction of blood flow in the ischemic region reduces the production of NO. The converse is true during reperfusion; hy peremia is often found upon reperfusion, resulting in excessive availability of oxygen for the produc tion of NO. The slow decline of NO concentration during ischemia may be attributed to limited NO consumption by chemical reactions. The lack of su peroxide anion, which rapidly reacts with NO to yield peroxynitrite anion (Beckman, 1991) , and the slow oxidation rate of NO by O2 in the hypoxic environment of ischemic brain (Taha et aI., 1992) , will significantly decrease NO consumption. NO alters and regulates physiological variables that may have profound and possibly contradictory effects on the outcome of an ischemic insult. NO, originally identified as endothelium-derived relax ing factor (Furchgott 1980; Palmer et aI., 1987) , is a potent vasodilator and therefore regulates tissue perfusion. Thus, a decrease in NO production evoked by the preischemic administration of L-NAME, an inhibitor of NO synthase, may ad-versely aff ect tissue perfusion and increase the vol ume of cerebral infarct in the rat, as found by Ya mamoto et al. (1992) . The initial response, of a rapid increase of NO levels at the onset of ischemia, may represent an attempt by the brain to increase cere bral blood flow by vasodilatation. After reperfu sion, NO levels increased above baseline. This el evation of NO, although increasing vasodilatation, may exacerbate ischemic cell damage. Beckman has proposed that NO reacts with the oxygen radi cal superoxide, produced during reperfusion, to form peroxynitrite (Beckman, 1991) . Peroxynitrite can form the powerful and cytotoxic oxidants, hy droxyl radical and nitrogen dioxide. Free radical tissue damage evoked by NO is consistent with re cent data that administration of either nitroarginine or free radical scavengers protects against myocar dial reoxygenation injury (Matheis et al., 1992) . In creased levels of NO may reduce inflammatory re sponse after ischemia and thereby diminish cell damage (Chen et al., 1992b) . NO reduces the adhe sion of neutrophils (Kubes et al. , 1991) as well as platelets (Radomski et al. , 1987) to endothelium.
The role of NO in ischemic tissue is very com plex. There are physiological mechanisms modu lated by NO that operate both to enhance ischemic cell damage and to reduce damage; the net effect of these multiple mechanisms likely depends on the timing and intensity of NO changes. Thus, if we are to elucidate the physiological processes associated with and possibly mediating ischemic cell injury, we must measure the temporal profile of NO expres sion. This study is a first step toward this goal.
